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Introduction
Genetic variation forms the basis for evolutionary processes and shapes a species' adaptive potential and population viability (Reed and Frankham 2003; Boulding 2008) . It is commonly assumed that genetic variation is not evenly distributed across a species' geographic distribution range: at the range edge, genetic diversity is expected to be smaller and genetic differentiation higher than in the range core (Hoffmann and Blows 1994; Eckert et al. 2008; Hardie and Hutchings 2010) . Such a pattern could arise as a consequence of an abundant-center distribution, in which population size and abundance decline toward the range periphery because of unfavorable environmental conditions and/or interactions with new competitors, pathogens, or parasites at the range edge (Brown 1984; Lawton 1993; Gaston 2009 ). The decline in population size and stronger spatial isolation should in turn lead to inbreeding, high genetic drift, and hampered gene flow (Ellstrand and Elam 1993; Vucetich and Waite 2003) . Furthermore, repeating expansions and contractions at the range edge could lead to bottleneck events and, consequently, to decreased genetic diversity and increased genetic differentiation (Hewitt 1996; Hampe and Petit 2005) .
Although the hypothesis of lower genetic diversity and higher genetic differentiation at the range edge has been supported by theoretical considerations, it has received only mixed empirical support in the past Hardie and Hutchings 2010) . Results that diverge from expectations have been explained by the fact that species do not show an abundant-center distribution to begin with (Yakimowski and Eckert 2008) . Indeed, it has been pointed out that the abundant-center model does not apply to a variety of organisms (Sagarin and Gaines 2002) . However, even if species naturally show an abundant-center distribution, anthropogenic fragmentation in the range core could increase genetic drift, inbreeding, and genetic isolation among populations and distort the expected pattern. Meanwhile, biological traits, such as a species' longevity and ability for long-distance dispersal, could counteract diversity loss and dampen genetic differentiation.
We tested the hypothesis of decreasing genetic diversity and increasing genetic differentiation toward the range edge in Stipa pennata, one of the most characteristic plants of the western Eurasian steppes (Lavrenko 1970; Nosova 1973) . Dry grassland plants have received considerable attention by population geneticists in the past, given that many of these plants are red-listed in Europe, including Anthericum liliago (Peterson et al. 2008) , Astragalus exscapus (Becker 2003) , Iris aphylla (Wró blewska and Brzosko 2006), Silene chlorantha (Lauterbach et al. 2011) , Silene otites (Lauterbach et al. 2012) , and Stipa capillata (Hensen et al. 2010) . However, few studies covered large areas across the species' distribution range (but see Bylebyl et al. 2008; Wró blewska 2008) . Many dry grassland plants occur at the edge of their distribution in central Europe but are more frequent in the steppes of eastern Europe and Asia. Only one study has used a Eurasian dry grassland plant to directly compare genetic variation in the range core and periphery (Wagner et al. 2011, for S. capillata) . The categorical sampling scheme of this study has been favored by the majority of other population genetic studies because of its cost-effectiveness and logistic feasibility . However, it did not allow for broader generalizations beyond the two regions that were compared.
To obtain more comprehensive results, we used a continuous sampling scheme across the distribution range of S. pennata, spanning a 3300-km longitudinal gradient from the geographic range core in Russia to the range periphery in central Europe. We expected genetic diversity to be higher and genetic differentiation lower toward the range core in Russia, where the species has historically been widely distributed. However, recent transformation of steppe habitats in Russia has resulted in increased fragmentation, which could have altered the predicted mechanisms and could have led to similar patterns of genetic diversity and differentiation across the sampling gradient.
Material and Methods

Study Species
Stipa pennata L. is the type species of the genus Stipa; its name was initially applied to any central and eastern European feather grass species with a plumose seta. Because of Linnaeus's ambiguous description (Linnaeus 1753), S. pennata was repeatedly rejected as a nomen ambiguum. In the second half of the nineteenth century, the name Stipa joannis Č elak. was introduced for our study species. Martinovský and Skalický (1969) proposed to apply the Linnaean name to the taxon currently known as Stipa eriocaulis Borbás (see Martinovský 1980) , but their lectotypification was incorrect. Freitag (1985) settled these disputes by designating a new lectotype; the name S. pennata is accepted by recent taxonomic monographs and also here. Despite the nomenclatural ambiguities, S. pennata can be well distinguished from other feather grasses by both generative and vegetative traits (Prokudin et al. 1977) .
Stipa pennata is a perennial and tetraploid grass (2n¼44; Prokudin et al. 1977; Krasnikov 1991; Sheidai et al. 2006) . Tetraploid Stipa species are thought to be of ancient hybrid origin and thus allopolyploid (Johnson 1945; Tsvelev 1977) . The species does not form any spreading tillers; individual tussocks are thought to represent a genet. The inflorescence is composed of stalked spikelets bearing a single floret with a lemma armed with a conspicuous 22-37 cm long bigeniculate awn consisting of a glabrous columna and a plumose seta. Flowers can be either cleistogamous or chasmogamous (anemophilous); the ratio of selfing versus outcrossing flowers is not known. Caryopses are enclosed in the lemma and are dispersed by wind or in animal fur.
Stipa pennata is native to the temperate zone of Europe and Asia ( fig. 1) . In its geographic range core, at ;50°-55°latitude in Russia ( fig. 1) , it grows in steppes, meadow steppes, and forest steppes (Nosova 1973) . Steppes occur naturally in this region (Adams and Faure 1997) , but nomadic tribes have extended the steppe area since the Eneolithic Age by logging adjacent forests, mowing, and livestock grazing (Chibilyov 2002; Sarychev 2003) . In the Middle Ages, when Slavic settlers introduced agriculture in the region, steppes still covered vast areas (Sarychev 2003) . It is only since the eighteenth century that ploughing resulted in a massive decline of steppe vegetation (Chibilyov 2002; Boonman and Mikhalev 2005) . Given the dramatic habitat loss, S. pennata and many other steppe species are today red-listed even in their distribution core in Russia (Golovanov 1988) .
At its western geographic periphery, in central Europe, S. pennata is confined to small dry grassland fragments that are embedded in a matrix of forests, arable fields, and settlements.
Steppe communities used to be naturally distributed during the late Pleistocene in Slovakia and the Czech Republic (Jankovská and Pokorný 2008). Macrofossils of S. pennata s. lat. have been found as early as from the Holocene, but populations may have been subject to oscillations in the following millennia because of climatic changes and anthropogenic activities (Pott 1996; Poschlod and WallisDeVries 2002) . Dry grassland vegetation has been created by deforestation as recently as in the Neolithic, Bronze, and Middle Ages (Ellenberg 1996; Opravil 1999; Bieniek 2002; Kohler-Schneider and Caneppele 2009) . It has been maintained by mowing and grazing, but the abandonment of traditional land use regimes in the last century led to a decline in dry grassland habitat in central Europe (Poschlod and WallisDeVries 2002) . Stipa pennata is currently red-listed in several European countries, including the Czech Republic (Holub and Prochá zka 2000) and Germany (Ludwig and Schnittler 1996) .
Sampling Scheme
In 2008, we collected fresh leaves in 26 S. pennata populations from five countries (Russia, Ukraine, Romania, Czech Republic, and Germany; fig. 1 ). Our study was confined to populations of S. pennata s. str. and did not include populations of similar taxa that are sometimes treated as its subspecies (e.g., Stipa borysthenica Prokudin, Stipa eriocaulis Borbás, Stipa pulcherrima K. Koch, and Stipa crassiculmis P. A. Smirn. ; Tsvelev 1976; Freitag 1985) . Leaf samples were collected from different tussocks within 30 3 30-m plots, immediately dried, and stored in silica gel for further analysis. Populations were defined as a group of individuals that were separated by at least 1 km from the next group. Population size was estimated by counting the approximate number of flowering tussocks.
AFLP Analysis
We used AFLP markers to analyze dominant cellular DNA fingerprint patterns in our samples (Vos et al. 1995) . Genomic DNA extraction and subsequent AFLP analysis followed the protocol of Hensen et al. (2012) . After an initial primer 803 screening, we selected the following three combinations of AFLP primer pairs that produced clear and polymorphic peaks for further analysis: *FAM 59-EcoRIþAAG-39/59-MseIþCCA-39, *HEX 59-EcoRIþAGC-39/59-MseIþCCA-39, and *HEX 59-EcoRIþAGC-39/59-MseIþCAA-39.
We scored peaks in Fragment Profiler (ver. 1.2; Amersham Biosciences), confining our analysis to peaks ranging between 60 and 400 bp in length and reaching !50 relative fluorescence units. After exporting data as a 1/0 matrix, we compared band presence and absence with original peak runs by eye. Ambiguous and nonrepeatable bands were excluded. The final data set comprised 230 polymorphic bands (86% of all scored fragments). The error rate (sensu Bonin et al. 2004) was 3.8%, as assessed in 24 repeated samples (7% of the total sample size, repeated starting from the extraction).
Statistical Analysis
Most methods for estimating allele frequencies from dominant markers assume that data originate from a diploid organism. For tetraploid species, three common approaches have been used. One is the band-based approach: allelefrequency estimation is abandoned altogether, and populations are compared only in terms of their band (dis)similarities (Michalski et al. 2010 ). This method sticks most closely to the observed data but might overlook important genetic information. Furthermore, it does not generate standard population genetic measures, rendering comparisons to other studies impossible. A second is the fragment-frequency approach: allele frequency is estimated by equating it to the observed fragment frequency (Wagner et al. 2011 ). This approach generates common population genetic parameters that can be compared across studies. However, it assumes fixed homozygosity. The third is the allele-frequency approach: the frequency of the marker allele is estimated using methods developed for diploid species. Although formally invalid, this analysis is still more realistic than the previous one in that it relaxes the assumption of fixed homozygosity. Furthermore, this approach can be justified on the basis of the disomic (or classic Mendelian) inheritance in allotetraploids that is similar to diploids (Gallais 2003) . Given these advantages and disadvantages, we employed all three methods. For the third approach, we used a Bayesian estimation method with nonuniform prior distribution (Zhivotovsky 1999) .
Genetic diversity. For the band-based approach, we calculated the number of private bands (PrivB) and the propor- 
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INTERNATIONAL JOURNAL OF PLANT SCIENCES tion of polymorphic bands (PPB), defined as the proportion of polymorphic bands among the total number of bands in the data set, using the program FAMD (Schlü ter and Harris 2006). Using the same program, we calculated average Jaccard dissimilarity (JD) among individuals within a population (JD ¼ 1 À J, with J indicating Jaccard similarity). The number of rare bands (RB; occurring in <25% of the data set) was assessed in GenAlEx (Peakall and Smouse 2006 ). Nei's gene diversity (H E ) was calculated in AFLP-SURV (Vekemans 2002) , for both the fragment-frequency (H E,FF ) and the allelefrequency (H E,AF ) approach. Population size was log transformed to achieve normality. Linear regression analyses were performed in R (R Development Core Team 2010).
Genetic differentiation. To test the hypothesis that differentiation is higher at the range edge than in the range core, we calculated pairwise Jaccard dissimilarity (for the band-based approach) and F ST distances (for the fragment-frequency and allele-frequency approaches) among populations. Jaccard dissimilarity was first computed among individuals in a population by means of the vegan package in R (Oksanen et al. 2010) and then averaged for each compared pair of populations. We used AFLP-SURV to obtain pairwise F ST values among populations. Jaccard dissimilarity and F ST distances were inspected by constructing neighbor-net networks in SPLITSTREE (Huson and Bryant 2006) . In this graph, parallel branches that form boxes indicate conflicting signals. For subsequent analyses, data were divided into a group of central (Russia) and peripheral (Czech Republic, Germany) populations. To keep the two regions comparable in their geographic extent, we included the Romanian populations in the range periphery and omitted population UKR-1 (Ukraine). We performed an analysis of molecular variance (AMOVA) in GenAlEx (Peakall and Smouse 2006) to inspect the partition of genetic variation at different hierarchical levels. Significance of variance components was based on 999 generated permutations. Using the same program, we computed F RT (an analogue of F CT ), F PR (F SC ), and F PT (F ST ). To directly compare genetic differentiation in the two regions, we assessed mean Jaccard dissimilarity and pairwise F ST distance values among central and peripheral populations with Welch's t-test, which is robust to unequal variances within groups. P values were calculated as the proportion of 1000 randomized runs in which simulated t values exceeded or were equal to observed ones. In addition, we compared the variance in Jaccard dissimilarity and F ST distance among peripheral and central populations with Fisher's F-test and by calculating P values as the proportion of 1000 randomized runs in which the region was found to yield a higher or equal variance than the other region. We performed a Mantel test in the vegan package to test for genetic isolation by distance patterns. Prior to this analysis, F ST values were linearized as F ST = 1 À F ST ð Þ , according to Rousset (1997) .
Results
Genetic Diversity
Estimated population size ranged between 100 and 100,000 individuals, with the largest population located in Russia (RUS-10) and the smallest population in Germany (GER-2; table 1). However, population size was not significantly correlated with longitude (a proxy for the core-edge gradient; Spearman's r ¼ 0:4, P ¼ 0:07). Results for several genetic diversity measures (PPB, JD, H E,FF , and H E,AF ) were highly correlated (Pearson's r > 0:9, P < 0:01). Thus, we report only the results for PPB and the remaining, less correlated variables (PrivB and RB; see table A2, available in the online edition of the International Journal of Plant Sciences, for all genetic diversity results).
Mean genetic diversity across all populations was low (PPB ¼ 21:2%; table 1). The proportion of polymorphic bands decreased significantly from the range core toward the periphery (fig. 2) . The highest proportion of polymorphic bands was found in the Russian population RUS-9 (32.6%), and the lowest was found in the German population GER-3 (9.1%). Neither private bands nor rare bands showed a significant linear relationship with the core-edge gradient. Population size and population genetic diversity were not correlated (PPB: R 2 < 0:001, P ¼ 1:0).
Genetic Differentiation
In the neighbor-net network, central populations in Russia formed a cluster separate from the peripheral populations in the Czech Republic and Germany ( fig. 3) . Populations from Romania were genetically intermediate between the two groups, whereas the Ukrainian population was placed among the central European ones. Branches among central populations were shorter than those among peripheral populations, indicating lower genetic differentiation. The AMOVA revealed that in the total data set 29% of the genetic variation was found among populations and 66% was found within populations, while only 5% was partitioned among core and peripheral regions (F PT ¼ 0:34; table 2). When analyzed separately, peripheral populations showed a higher among-population genetic variance (40%, F PT ¼ 0:40) than central populations (16%, F PT ¼ 0:16).
Pairwise genetic dissimilarity and distance measures among populations (JD, F ST,FF , and F ST,AF ) were correlated (r > 0:7, P < 0:01); therefore, we report only the results of one pairwise distance measure (F ST,AF ). Mean pairwise genetic distance was on average significantly higher among peripheral populations than central populations (0.316 vs. 0.108, t ¼ 14:3, P < 0:001; see table A3, available in the online edition of the International Journal of Plant Sciences, for an F ST,AF distance matrix among all populations). Genetic distance among peripheral populations was also more variable than that among central populations (0.015 vs. 0.003, F ¼ 5, P < 0:001). Genetic distance did not show a linear relationship with geographic distance, as shown by a Mantel test for the range core (linearized F ST,AF : R 2 ¼ 0:19, P ¼ 0:093) and the range periphery (linearized F ST,AF : R 2 ¼ 0:05, P ¼ 0:388).
Discussion
Preserving genetic variation is one of the most important goals in conservation, given its influence on species' performance and evolutionary processes (Boulding 2008) . Genetic variation is predicted to be unevenly distributed across a spe-805 cies' geographic range, with genetic diversity decreasing and genetic differentiation increasing from the geographic range core toward the range periphery ). We confirmed this prediction in populations of Stipa pennata, a characteristic Eurasian steppe grass, along a 3300-km longitudinal gradient from the range core to the range periphery.
Genetic Diversity
Overall, our study species showed much lower withinpopulation genetic diversity (mean PPB ¼ 21:2%) than other perennial grasses, as evaluated by AFLP markers (e.g., Dactylis glomerata: 66%-74% [Peng et al. 2008] ; Festuca campestris: 89% [Fu et al. 2005] ; see the supplement in Wagner et al. 2011 for further examples). The low overall genetic diversity in our study species may be attributed to its mixed breeding system (Hamrick and Godt 1996; Nybom and Bartish 2000) . Indeed, Stipa species are known for their facultative cleistogamous pollination (Ronnenberg et al. 2011) ; they tend to self-pollinate, especially under drought conditions (Brown 1952; Ponomarev 1961) . AFLP studies of other Stipa species have also revealed low to moderate levels of genetic diversity: S. pulcherrima (5% [Nossol 2007 ]), S. capillata (21% [Wagner et al. 2011 ]), S. arabica (36%), S. capensis (43%), S. lagascae (31%), and S. parviflora (43% [H. R. Hamasha, A. N. Schmidt-Lebuhn, W. Durka, M. Schleuning, and I. Hensen, unpublished manuscript]). A causal relationship between the mixed breeding system and low to moderate genetic diversity in Stipa species has also been suggested by Hensen et al. (2010) and Wagner et al. (2011) .
As expected, genetic diversity declined from the range core to the range periphery. Similar trends have been observed in several other plant species-for example, Corylus avelana (Persson et al. 2004) , Gypsophila fastigiata (Lö nn and Prentice 2002), Juncus atratus (Michalski and Durka 2007) , Veratrum album (Treier and Mü ller-Schä rer 2011), and three Viola subsect. rostratae species (Eckstein et al. 2006) . Despite its intuitive predictions, this concept is, however, far from being a biogeographic rule. In a review by Eckert et al. (2008) , only 64% of all examined studies followed this prediction. Similarly, Hardie and Hutchings (2010) found only 60% of all studies of plants to be in agreement with this model. The high number of divergent cases points to the possibility that historic processes, including land use patterns, and biological traits may override spatial constraints across the geographic range or that many species simply do not have an abundantcenter distribution Yakimowski and Eckert 2008 
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Although the largest S. pennata populations were found in the range core in Russia, there was no correlation between current population size and the core-edge gradient. Genetic diversity was not correlated with population size, which can be attributed to different or fluctuating population sizes in the past or to the longevity of the species (Schiemann et al. 2000; Honnay et al. 2007 ). Meanwhile, genetic diversity significantly declined toward the range periphery. This discrepancy may be explained by the fact that Russian populations were larger and better connected in the past, before steppe was converted into agricultural land. By contrast, S. pennata populations in central Europe have been restricted for much longer times to rare sites, such as rock outcrops and south-facing slopes on calciumrich soils. The fragmentation process of steppe habitats in Russia might have been too recent to reduce genetic diversity in a perennial grass. However, decreasing population sizes and poor connectivity in the range core of S. pennata has the potential to deteriorate genetic diversity in the future.
Our results differ from the observations of a recent study in the grass species S. capillata (Wagner et al. 2011) . In this study, genetic diversity did not decline toward the range periphery in central Europe compared with the range core in Kazakhstan. This could be explained by the fact that European S. capillata populations were generally larger (>1000 individuals) than S. pennata populations. However, our study did not reveal a significant relationship between population size and genetic diversity in S. pennata. It is possible that our study species experienced stronger range fluctuations at its western periphery in the past, where it has more specific habitat requirements than S. capillata. This may be particularly relevant if migration has been advanced by few long-distance dispersal events and associated bottleneck effects (Ibrahim et al. 1996) .
Genetic Differentiation
Our study species showed overall moderate among-population genetic differentiation (AMOVA F PT ¼ 0:34). This result is similar to values reported by AFLP studies for grasses with a mixed mating system-for example, Arrhenatherum elatius (F ST ¼ 0:24 [Michalski et al. 2010 [Wagner et al. 2011] ). In the neighbor-net network, populations of Russia and central Europe were separated, indicating low genetic exchange on a large spatial scale. Within both regions, genetic differentiation was not correlated with geographic distance, as shown by the Mantel test. This pattern could be explained by strong genetic drift that counteracts gene flow or by rare longdistance dispersal events.
Our results corroborated our second initial hypothesis: geographically peripheral populations of S. pennata were genetically more differentiated than central populations. Higher Fig. 2 Relationship between genetic diversity parameters and longitude in Stipa pennata populations for number of private bands (A), number of rare bands (B), and proportion of polymorphic bands (C). The longitudinal gradient corresponds to a gradient from the range edge to the range core, with central populations located at high longitudes. The P value indicates whether the slope was significantly different from 0. The regression line in A and B is not shown, as the slope was not significantly different from 0. 807 genetic differentiation at the range edge was supported by 70% of studies in the review by Eckert et al. (2008) . A similar pattern was detected by several other studies of, for example, Corylus avellana (Persson et al. 2004) , Geum triflorum (Hamilton and Eckert 2007) , and Iris aphylla (Wró blewska 2008). In addition to the long-lasting spatial isolation, landscape barriers-such as forests, roads, agricultural fields, and urban areas-could have hampered pollen and seed flow among peripheral populations of S. pennata in the past. More variable F ST values at the range edge point to a stronger role of genetic drift among peripheral populations than central populations (Hutchison and Templeton 1999) . Furthermore, the mixed breeding system of our study species may have accelerated genetic differentiation at the range edge (Loveless and Hamrick 1984) .
In conclusion, our study of S. pennata populations supported the hypotheses that (1) genetic diversity declines and (2) genetic differentiation increases toward the geographic range periphery. Smaller historic population sizes, increased spatial isolation, a more complex landscape structure, and past range pulsation dynamics may all have led to the observed pattern at the distribution periphery. These effects may well have been accelerated by the mixed breeding system of the species. The genetic distinctiveness of peripheral S. pennata populations makes them a valuable target for conservation. In the range core, populations show no evidence of deteriorating genetic variation, in spite of recent spatial fragmentation. Here, the longevity of the study species may have delayed any loss of genetic diversity. Nonetheless, genetic monitoring should be implemented in the range core to determine whether fragmentation might have detrimental effects on genetic variation in the long term.
